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Poly(3-hydroxybutyrate)—P(3HB)—is  a natural  biodegradable  polyester  synthesized  by  several  bacteria,
produced  from  renewable  resources.  The  effects  of oxygen  transfer  rate  on  the intracellular  accumulation
of  P(3HB)  was  evaluated,  aiming  at increasing  P(3HB)  synthesized  by Bacillus  megaterium  DSM  32T inccepted 5 February 2013




bioreactor  batch  cultures.  Bench-scale  bioreactor  cultivations  were  performed  under  different  volumetric
oxygen mass  transfer  coefﬁcients,  kLa, setting  stirrer  speed  on  speciﬁed  values.  The  results  of  this  work
show that  oxygen  transfer  is  a key  factor  on  P(3HB)  accumulation  by B. megaterium,  increasing  the  P(3HB)
intracellular  mass  fraction  from  39%  to  62% of  CDW  at kLa condition  of 0.006  s−1.
©  2013  Elsevier  Ltd.  Open access under the Elsevier OA license.iopolymer
. Introduction
Poly(3-hydroxybutyrate) (P(3HB)) is the most important
nd well characterized biopolymer belonging to polyhydrox-
alkanoates [1,2]. Polyhydroxyalkanoates (PHAs) are polyesters
ynthesized by microorganisms and accumulated in the cell cyto-
lasm as water insoluble granules in order to store carbon and
nergy [2–5]. Biodegradability, biocompatibility, possibility of pro-
uction from renewable carbon resources derived from agriculture
r industrial wastes, and the fact of presenting properties similar to
hose observed in some petrochemical polymers are the main rea-
ons for the growing interest in PHAs, its production and industrial
pplications [1,6–9].
Many bacteria, both Gram-positive and Gram-negative, are able
o synthesize PHAs, but so far most of the industrial scale PHA
roduction is done by Gram-negative bacteria such as Cupriavidus
ecator (formely Ralstonia eutropha), Pseudomonas oleovorans,  and
ecombinant strains of Escherichia coli [10]. However, the pro-
uction using Gram-negative bacteria can be disadvantageous for
iomedical applications because they possess lipopolysaccharides
LPS), which can be extracted together with PHA in a puriﬁca-
ion step. LPS act as endotoxins and can cause immunological
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Open access under the Elsevier OA license.reactions [10,11].  Among Gram-positive bacteria lacking such
endotoxins, Bacillus strains have some interesting characteristics
to be used in industrial scale production. This bacterium presents
fast growth, can metabolize several substrates, and can also tol-
erate high osmotic pressures and high temperatures [10,12–20].
Several carbon sources have been used as substrates for Bacillus sp.
in the accumulation of short chain length polyhydroxyalkanoate,
including arabinose, xylose, glucose, galactose, fructose, sucrose,
maltose, cellobiose, glycerol, and mannitol [21]. Notwithstand-
ing these advantages, the relatively low productivity of P(3HB)
obtained in cultures of Bacillus is still a limiting aspect for its
industrial application [20]. Reports on the literature show the limi-
tations of P(3HB) production by Bacillus strains under commonly
applied culture conditions such as excess of carbon with nutri-
ent limitation (nitrogen and phosphor), or low oxygen supply,
which can induce cell sporulation, leading to P(3HB) consumption
[14,20,22,23].
One condition of special importance reported to affect the pro-
duction of P(3HB) by Bacillus is the level of oxygen supply. In a
previous work [22] this inﬂuence was observed based on the sig-
niﬁcantly higher P(3HB) production obtained in shaker scale when
comparing results obtained in shaker and bioreactor cultures. Since
the main difference between the two processes is in the oxygen
supply, which is lower in shaker, those results suggested that some
level of oxygen limitation is required for achieving high levels of
P(3HB) production. However, the use of low oxygen supply must
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The oxygen supply can play an important role in the scale-up and
conomy of aerobic biosynthesis systems [26,27]. The volumetric
xygen mass transfer coefﬁcient (kLa) is an important parameter,
ince it is related to the oxygen transfer rate (OTR) and is commonly
pplied as a criteria for scale-up [26–31].
In this context, the aims of this research were to clarify the
nﬂuence of oxygen supply of bioreactor cultures on the biomass
roduction and P(3HB) synthesis by B. megaterium, through the
omparison of cultures performed under different kLa, obtained by
ariation of stirrer speed.
. Materials and methods
.1. Microorganism and culture media
Bacillus megaterium DSM 32T was used in this study. The strain was  preserved as
rozen samples in mineral medium, with a volume fraction of 20% glycerol. Cultures
ere activated by 2 subsequent pre-cultures (18 h and 5 h) before cultivation. Cul-ure mineral salts medium had the following composition [32]: KH2PO4 1.5 g L−1;
a2HPO4•12H2O, 9 g L−1; MgSO4•7H2O, 0.2 g L−1; CaCI2•2H2O, 0.01 g L−1; citric acid,
.1 g L−1, supplemented with 1 mL  of trace elements solution (FeSO4•7H2O, 20 g L−1;
nCI2•4H2O, 0.03 g·L−1; H3BO4, 0.3 g L−1; CuSO4•5H2O, 0.01 g L−1; CoCI2•6H2O,
.2  g L−1 (NH4)6Mo7O24•H2O, 0.03 g L−1; ZnSO4•7H2O, 0.03 g L−1; NiSO4•7H2O,
ig. 1. Time course of total and residual biomass, biopolymer concentration, sucrose con
.006  s−1, (c) 0.013 s−1, (d) 0.016 s−1, (e) 0.027 s−1 and (f) 0.037 s−1.mistry 48 (2013) 420–425 421
0.03 g L−1). Sucrose (16 g L−1) and ammonium sulphate (2 g L−1) were supplemented
as carbon and nitrogen sources, respectively [22].
2.2. Bench-scale bioreactor culture
Bench-scale bioreactor cultivations were performed in a 5 L vessel Biostat B
(Braun Biotech) with 4 L of culture medium and 80 mL of a pre-culture inocu-
lum. Temperature was kept at 30 ◦C and initial pH was adjusted at 7.0. The culture
was performed under uncontrolled pH condition. Air was supplied at ﬂow rate of
4  L·min−1. Bioreactor experiments were carried out as independent duplicates, with
stirrer speed (N) set at 100 rpm, 200 rpm, 300 rpm, 400 rpm, 500 rpm, and 600 rpm
in  order to promote different oxygen transfer rates. The instant at which the dis-
solved oxygen (DO) concentration returned to its saturation value (100%) was taken
as  completion of each batch culture.
2.3. Analytical procedures
Total biomass (X), measured as cell dry weight (CDW), was evaluated from
10  mL  to 60 mL  samples of culture. The cell suspension was  centrifuged at 2
500  × g for 20 min  at 4 ◦C, washed with distilled water, transferred to pre-weighed
ﬂasks, and dried at 80 ◦C until constant weight. PHB content was determined by
gas chromatography as described by Riis and Mai  [33] using a GC Perkin Elmer
(FID detector, capillary column: PE-WAX 30 m ×0.25 mm,  Perkin Elmer). Pure
poly(3-hydroxybutyrate) (Aldrich) was used as standard. Residual biomass (R)
was estimated by the difference between total biomass and P(3HB) content.
centration and nitrogen concentration in the culture with kLa of (a) 0.002 s−1,  (b)


































Dig. 2. Time course of P(3HB) content, mass fraction of CDW, in batch cultures with
La of (©) 0.002 s−1, () 0.006 s−1, () 0.013 s−1, () 0.018 s−1, () 0.027 s−1 and (×)
.037 s−1.
ucrose was analyzed by HPLC Perkin Elmer series 200, using a Rezex-RHM
300 mm × 7.8 mm)  column at 80 ◦C and RI detector. Nitrogen was determined by
he phenol-hypochlorite reaction [34]. The oxygen concentration was measured
n  line with a polarographic oxygen sensor (InPro 6800/12/320 manufactured by
ettler-Toledo) as the percent saturation of dissolved oxygen (DO). The kLa was
etermined using the dynamic method [35] at 2 h and 4 h of each batch culture.
ll  analytical procedures were carried out as independent duplicates. Data are
resented as the mean of independent repeats of batch cultures and were analyzed
y  ANOVA (analyses of variance) and Tukey’s test (5% probability).
.4. Investigation of endospore formation
The formation or not of endospores was performed following the spore stain
echnique [36]. The cells were ﬁxed and stained with malachite green and after
tained with safranin as a counter-stain dye. This procedure was  carried out for
amples of all tested conditions.
. Results
The kLa increased in the range of stirrer speed studied
p < 0.0001). The experimental data were ﬁtted to a power-law
unction, as showed in Eq. (1) (R2 = 0.997).
La = 1.1 × 10−6 × N1.6 (1)
here kLa is the volumetric oxygen mass transfer coefﬁcient and N
s the stirrer speed.
The kinetics under different kLa conditions of sucrose and
itrogen consumption, P(3HB) production and biomass formation
residual and total), are shown in Fig. 1. No substrate limitation
or both nitrogen and sucrose was observed. Regarding sucrose,
t could be observed that half of initial sucrose concentration
emained in the medium, with the exception for kLa of 0.006 s−1,
here sucrose consumption was almost complete. The P(3HB)
roduction started at exponential growth phase and continued
ntil the beginning of the stationary phase, suggesting that the
able 1
he effect of kLa on P(3HB) mass fraction, P(3HB) productivity (PP(3HB)), P(3HB) yield (YP(3HB
R ,) biomass.
kLa [s−1] P(3HB) [% of CDW] PP(3HB) [g L−1 h−1] YP(3HB)/S [
0.002 49b ± 5.6 0.05a ± 0.017 0.18a ± 0
0.006  62a ± 1.5 0.14b ± 0.029 0.32b ± 0
0.013  49b ± 1.4 0.16b ± 0.019 0.21a ± 0
0.018  40 ± 1.2c 0.17b ± 0.032 0.20a ± 0
0.027  39 ± 1.4c 0.16b ± 0.013 0.17a ± 0
0.037  39 ± 2.7c 0.15b ± 0.001 0.17a ± 0
ata are the mean from independent repeats. Means with different superscript letters (a–mistry 48 (2013) 420–425
P(3HB) production has growth-associated and non-growth associ-
ated components. The highest P(3HB) concentration, 3.3 g·L−1, was
attained under kLa of 0.006 s−1. The length of exponential growth
phase decreased proportionally with kLa, suggesting growth lim-
itation under low oxygen supply, since B. megaterium is a strict
aerobe.
The P(3HB) mass fraction attained in the cultures under differ-
ent kLa values are presented in Fig. 2, while the statistical analyses
of the culture parameters are presented in Table 1. It could be
observed a strong effect of kLa on P(3HB) cell content (p = 0.0003).
The highest P(3HB) mass fraction (62% of CDW) was  achieved for
kLa of 0.006 s−1. Intermediate values of the P(3HB) mass fraction
were obtained for kLa of 0.002 s−1 and 0.013 s−1, with no signiﬁcant
difference between the values obtained at these two  conditions.
Increase of kLa above 0.013 s−1 led to additional decrease in the
P(3HB) mass fraction, with an apparent limiting value of this vari-
able being achieved, since no signiﬁcant difference was observed
for the remaining values of kLa (0.018 s−1, 0.027 s−1, and 0.037 s−1).
At the lowest value of kLa (0.002 s−1) the accumulation of polymer
followed a slow but constant kinetics, while for higher values, above
0.013 s−1, the accumulation was fast but followed by the loss of
P(3HB) in the ﬁnal stages of culture, probably due to cell disruption
or endogenous consumption.
The statistical analyses showed that kLa had a signiﬁcant effect
on P(3HB) yield on sucrose (p = 0.0008) and P(3HB) productivity
(p = 0.0098), but not on biomass yield on sucrose (p = 0.11). The
lowest P(3HB) productivity (PP(3HB)) was obtained at the lowest kLa
value (0.002 s−1), where P(3HB) production was slower (Fig. 1). All
other cultures (kLa values from 0.006 s−1 up to 0.037 s−1) presented
productivities around 0.16 g L−1 h−1, with no signiﬁcant difference
among them, but signiﬁcantly higher than the value obtained at
the kLa of 0.002 s−1. The highest P(3HB) yield (YP(3HB)/S), 0.32 g g−1,
was obtained at kLa of 0.006 s−1 and there was  no signiﬁcant differ-
ence among the values of YP(3HB)/S obtained for the other kLa tested.
However, the residual biomass yields on sucrose (YR/S) were not
affected by the kLa condition. Regarding the speciﬁc growth rate for
total (X) and residual biomass (R) during exponential phase of
cultures, at the lowest kLa (0.002 s−1) both X and R, were signiﬁ-
cantly lower (p < 0.0001) than the other values. The results indicate
that there is a lower boundary for oxygen limitation (close to the
lowest kLa condition used), under which the level of oxygen affects
growth rate.
Fig. 3 shows the behavior of dissolved oxygen (DO) concen-
tration along the cultivations for different kLa values. It can be
observed that the decrease in the available dissolved oxygen starts
earlier for smaller kLa while the return to air saturation starts earlier
for higher kLa. For smaller kLa values, zero dissolved oxygen con-
centration was  reached, meaning that cells promptly consumed all
oxygen supplied to the bioreactor.
Values of the pH of the medium during growth at each kLa con-
dition are shown in Fig. 4. A decrease in the pH was observed since
all experiments were performed without pH control. At the begin-
ning of the cultivation the pH was  adjusted at 7.0, and during the
cultivation the pH dropped and reached ﬁnal values between 4 and
)/S), residual biomass yield (YR/S) and speciﬁc growth rate for total (X) and residual
g g−1] YR/S [g g−1] X [h−1] R [h−1]
.046 0.23a ± 0.050 0.51a ± 0.021 0.50a ± 0.030
.004 0.21a ± 0.011 0.71b ± 0.031 0.66b ± 0.034
.014 0.25a ± 0.005 0.72b ± 0.006 0.72b ± 0.007
.005 0.28a ± 0.017 0.67b ± 0.032 0.66b ± 0.028
.011 0.31a ± 0.043 0.76b ± 0.003 0.73b ± 0.017
.012 0.28a ± 0.015 0.70b ± 0.060 0.68b ± 0.056
c) at same column are signiﬁcantly different at the p ≤ 0.05 level (Tukey test).
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Fig. 3. Time course of dissolved oxygen, DO, in batch cultures with kLa of (©)




















tig. 4. Time course of pH in batch cultures with kLa of (©) 0.002 s , () 0.006 s ,
)  0.013 s−1, () 0.018 s−1, () 0.027 s−1 and (×) 0.037 s−1.
, the higher the kLa the lower the pH at the end of the cultivation.
he lowest pH value at each kLa condition coincide with the end
f exponential growth phase, indicating that pH can be the cause
f the growth stopping, since both sucrose and nitrogen were still
vailable in the medium.
Finally, the observation of cells for endosporespores formation,
hich was carried out for samples of cultures run under all tested
La did not show any spores formation (results not shown).
. Discussion
The high value of R2 obtained for the power-law function (Eq.
1)) indicates that this model adequately describes the correlation
etween kLa and the stirrer speed. A power-law dependence of the
La on stirrer speed has also been reported by Garcia-Ochoa et al.
37] in the production of xanthan gum by Xanthomonas campestris,
ith exponent around 2.0.
The results presented in the previous section show a clear
ependence of the parameters usually employed to quantify P(3HB)
roduction (mass fraction, productivity and yield) on kLa. Although
he importance of the available oxygen in the P(3HB) production
as already been addressed in other works, the results reported in
he literature on this subject are somewhat contradictory. In themistry 48 (2013) 420–425 423
study of B. megaterium growth in batch culture at 30 ◦C and pH 7.0
and using molasses cane as carbon source, Kulpreecha et al. [38]
reported higher P(3HB) production at higher oxygen supply, i.e.,
an inverse behavior regarding the results of the present work. The
authors have obtained mass fractions of 47% CDW at 40% DO sat-
uration and around 60% of CDW at 60% and 80% DO saturation. On
the other hand, Philip et al. [39] investigated the effect of stirrer
speed on P(3HB) production by Bacillus cereus SPV in batch cul-
ture at 30 ◦C using glucose as carbon source and no pH control. The
P(3HB) content was  higher at 125 rpm stirrer speed (34% of CDW)
decreasing to any higher stirrer speed. However, the authors did not
present kLa values for the studied stirrer speeds. López et al. [23]
also reported a high P(3HB) mass fraction (60% of CDW), under con-
ditions of low oxygen supply (DO at 20% of air saturation) in batch
cultures of B. megaterium using glucose as carbon source, although
this was the only condition tested in their work. The higher P(3HB)
production by B. megaterium at low oxygen supply has also been
indirectly observed in a previous work of our group [22], com-
paring the results of shaker-scale cultures and 4 L batch bioreactor
cultivations and taking into consideration that the main difference
between the two  processes relies on the oxygen supply, which is
lower in shaker. P(3HB) mass fractions of 70% and 34% of CDW  were
obtained in shaker and in bioreactor cultivations, respectively, both
without pH control and no oxygen transfer optimization.
In this work the cultivations were run without pH control, since
in a previous work it was  shown that for this strain of B. megaterium,
uncontrolled pH cultures produced higher amounts of P(3HB) as
mass fraction (34% of CDW), when compared with pH controlled
cultures at 7.0 (28% of CDW) [22]. Similar results were found for B.
cereus by Philip et al. [39], who  reported 34% P(3HB) mass fraction
under uncontrolled pH cultures, while controlled pH cultures at 6.8,
3.0, and 10.0, produced 23%, 21%, and 16% P(3HB) cell mass frac-
tion, respectively. Valappil et al. [10,18], also working with B. cereus,
reported that low pH inhibited the endogenous consumption of
P(3HB).
In order to ﬁnd additional support to the results related to
the dependence of the P(3HB) production on the oxygen supply,
it is important to consider the biochemical pathway of P(3HB)
formation by B. megaterium. Acetyl coenzyme A (Acetyl-CoA) is
an important intermediate in P(3HB) pathway synthesis, being
the precursor of the monomer (R)-3-hydroxybutyryl coenzyme A
(3HB-CoA). However, Acetyl-CoA is also a key compound in the
cell metabolism, and it is oxidized via tricarboxylic acid cycle
(TCA cycle), being either dissimilated to generate biologically use-
ful energy or assimilated for cell growth. Consequently, P(3HB)
pathway synthesis concurs with the TCA cycle for assimilation
of acetyl-CoA [40,41]. The oxidation via TCA cycle predominates
under balanced growth conditions, with NADH being generated
and used in biosynthesis or energy generation. When biosynthesis
decreases due to lack of a nutrient, the TCA cycle activity decreases
due to the high NADH concentration, resulting in decrease of acetyl-
CoA oxidation via TCA cycle. Additionally, since the TCA cycle is
endergonic in the absence of oxygen [40], under limitation of oxy-
gen the reducing power (e.g., NADPH) generated are not oxidized
via electron transport phosphorylation. Therefore, low oxygen sup-
ply can reduce the TCA cycle activity, due to both thermodynamic
reasons and metabolic control by reducing power, and allow that
part of the acetyl-CoA available can be shifted to P(3HB) pathway
[4,40,42,43].Another important aspect to be considered is the fact
that B. megaterium is a strict aerobe [12,24,25] and endospore-
forming bacterium [20,42,44].  From this point of view, the use
of extremely low oxygen supply can negatively affect both cell
growth and P(3HB) production, by inducing sporulation. Slepecky
and Law [44] studied the synthesis and degradation of P(3HB) in B.
megaterium cultures, showing that the endogenous consumption of
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t al. [20] observed spore septa formation and low P(3HB) produc-
ion at low oxygen supply (DO maintained at 10% for the ﬁrst 17 h
nd afterwards DO was kept in 5%) in fed-batch cultures of Bacillus
p performed at 35 ◦C and pH maintained at 7.
On the light of the different aspects concerning the metabolism
f B. megaterium toward oxygen, it is theoretically consistent to pro-
ose the existence of an optimal oxygen supply condition (around
La of 0.006 s−1) suggested by the results in the present work. Oxy-
en transfer rates higher than the optimal value would increase
he TCA cycle activity and limit P(3HB) synthesis, while lower rates
ould also lead to reduction in P(3HB) production due to either
trong impairment of bacteria metabolism or sporulation.
Regarding the P(3HB) yield and productivity on sucrose the
ighest values (0.32 g g−1 and 0.16 g L−1 h−1, respectively) were
lso obtained in the batch cultures at kLa of 0.006 s−1, which indi-
ates that the optimal oxygen supply condition is actually around
his value of transfer rate. However, the productivity obtained is
till possibly low for industrial applications and additional stud-
es focused in the development of adequate strategies to increase
his parameter are required. An alternative is the use of fed-batch
ultures to improve cell concentration and P(3HB) productivity.
andian et al. [15] attained a P(3HB) concentration of 11.32 g L−1
sing fed-batch cultivation of B. megaterium SRKP-3 growing in
airy waste.
Finally, it is important to remark that the volumetric oxygen
ass transfer coefﬁcient (kLa) was used as basis of analysis for all
he results reported in the present work about the dependence of
he different P(3HB) production parameters on the oxygen supply,
ifferently from most works available in the literature, in which the
tirrer speed is the reference parameter. Therefore, these results are
xpected to be more easily extended to other scales of production,
ince kLa is an important factor in scaling-up aerobic bioprocesses
26–31].
. Conclusions
The results obtained with experiments performed under differ-
nt volumetric oxygen mass transfer coefﬁcient, kLa, showed the
mportance of oxygen transfer rate on the P(3HB) production by B.
egaterium DSM 32T, the strain used in this research. The exist-
nce of an optimal condition of oxygen availability was  identiﬁed
n terms of value of kLa, allowing the extension of the results for
igher scales of production, aiming at improving the production of
his important biopolymer.
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